Collective qscillations for an infinite system of ferii\io:ns are discussed for the general case where the. force between two particles depends .on the internal variables as well as on their relative separation and _momentum. Two theories are reviewed, one byrWatson, Heckrotte,. and Glass gold which is based, on Sawada'' s treatment of the electron gas, and the other, a semiclassical treatment by Landau.
INTRODUCTION
The quantur.n r.nechanical probler.n of the degenerate electron gas has received a great deal of attention in recent years. Significant progress has been r.nade in calculating the grcmnd state energy. and properties of the excited states. particularly the collective aspects' of this r.nany~ body syste.r.n.
There are, of course, other infinite syster.ns of particles obeying Ferr.niDirac statistics which are of interest. As exar.nples, we r.nay r.nention the low-ter.nperature behavior of liquid He 3 or the popular abstraction called nuclear r.natter. In connection with the collective r.notions, the novel aspect of such syster.ns is that the internal variables, such as spin and isotopic spin,. are now ir.nportant. This occurs because the force between two heliurn ator.ns or between two nucleons depends strongly on the internal variables.
On the other hand, the only force 'between two nonrelativistic electrons is the far.niliar spin-independent Coulor.nb repulsion. We are thus led to ·expect new kinds of collective oscillations for general ferr.nion syster.ns besides the far.niliar plasr.na oscillations of the electron gas. This work was perforr.ned under the auspices of the U.S. Ator.nic Energy
Cor.nr.nis sion.
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Oscillations of this type were first considered by-Klimontovich and in mind as the important application. 3 As will be discussed below, this theory has marked classical and phenomenological aspects. A review of this work by Abrikosov and Khalatnikov has recently appeared in translation. 4 
5
Independently, Watson, Heckrotte, and the author developed a theory for the collective oscillations_ of fermion systems and applied it to the problem of nuclear matter. This treatment is a generalization of the theory of the electron 6 gas as formulated by, Sawada.
As such, it is .more of a microscopic treatment than is Landau 1 s approach. In the rest of this report,. the es.sential steps and results of this procedure will be reviewed. Then Landau's theory will also be discussed briefly. A detailed discussion of the application of these theories to He 3 and nuclear matter will not be presented here. Such discussion may be found in the literature.
• 5 II. THE COMPLETE HAMILTONIAN
The introduction oL)more general kinds of forces leads to interesting
. new phenomena, but naturally at the expense of more complicated calculations.
The difficulties arise from the simple increase in the number of degrees of freedom and from the complicated nature of the force law. To be more specific, the interaction between two particles in He 3 or nuclear matter, for example,
. involves a repulsive core for small separations with a relatively weak attractive region outside. In other words, the interaction is strongly
. momentum-dependent and also depends on spin .(and isotopic spin).
To handle this difficult situation, we adopt the following popular point of view. We assume that the states of the system bear some resemblance to the ideal Fermi gas in spite of the strong interactions: To UCRL-8889 first approximation, we now have a system of noninteracti,ng quasiparticles whose effective mass is different thanthe particle.mass .. The interaction betweenthe quasiparticles is considerably weaker and better behaved than the actual force law between the particles. With reference to nuclear matter . 7
we are, of course,_ thinking of Brueckner 1 s theory.
We -will let P = {j?, X.) label the state of a quasiparticle, where R is the momentum and X. is the set of internal variables such as spin, isotopic spin, etc. In the language of second quantization, are the operators which create and destroy a quasiparticle in state P. These operators obey the anticommutation rules for ferrn,ions
Here P = P' requires every quantum number of the two states to be the same. In terms of these operators, it is assumed that the Hamiltonian can be written as
where n is simply the volume of the quantization box,;:arid P ( P 0 
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The interaction between the quasiparticles is given by the operator K, and its matrix elements depend on the states of the two particles before (P 1 , P~) and after (P 1
•, P 2 1 ) "scattering". The form of the matrix elements is restricted by various conservation laws, e. g., momentum conservation requires ,!I + j 2 = g 1 1 + ,ez.' • (We shall not discuss here the_ ,J.,ay this operator is determined in the Brueckner theory, and we may even regard it phenomenologically.) The constant EB is the average value of H fi:r:r. the ground state~ <Po of the system of noninteracting quasi particles, i. e. the + state in which apap = 1 for P ( P 0 and 0 for P> P 0 . Thus we have
The prime ·on the second summation in Eq. The procedure adopted for solving the above Hamiltonian is .to break the interaction into two parts. One part can easily be diagonalized and has collective eigenstates. The other part presumably will cause only small effects when treated as a perturbation.
In order to define this separation we introduce particle and hole operators:
The momentum associated with a particle operator is always greater than p 0 , the momentum associated with a hole is always less than p 0 . Next we combine these into pair-creation and annihilation operators:
The first momentum associated with a pair operator is always greater than 
where H, EB, K, and V are given by Eqs.
(1) to (4), and UCRL-8889 + '
The new notation here is that P = (p,->.. 
L c e --
This shows that, for small-amplitude oscillations, the G(±) functions are linearly related to the density fluctuations.
IV, PROPERTIES OF THE COLLECTIVE MODES
In order to study the properties of these solutions it is useful to consider simple forms for the interaction K between quasi particles. As a simple example we consider
Because v depends only on the momentum transfer, this is an ordinary local interaction. Note that it is not an exchange interaction, but simply a force where the strength depends on the spin state of the particles. We adopt the following notation for the index A. for the c~ase of nuclear matter:
A.= 1, 2 corresponds to protons with spin up and spin down, respectively; In this discussion we have considered V to be a Yukawa potential of range
and strength g and therefore we can write
The frequency w 0 is a characteristic frequency:
We have also investigated the properties of the collective oscillations for the following nonlocal exchange interaction which is more general than 5 the above simple example:
The inclusion of the exchange mixture gives rise to 16 rather than four modes of oscillation, although there are only four distinct eigenfrequencies.
If G (±) represents the 4 by 4 matrix formed by the elements G 1 , 1
with p' -= p + q, theri the oscillating amplitudes are sums of quantities like:
Here T
[ J means the diagonal sum in the >.. space, and d is the degeneracy.
We have kept the same labels for the modes as in the previous example because the density ratios of Eq. (9) and the descriptions of Eq. (10) are also suitable here.
A more detailed discussion of these waves is given in reference 5.
We should note that Eq. (13) Perturbation calculations of their effect on the lj.:.fetime of these states indicate that the condition A is greater than 1 is actually sufficient for stability.
q
The compressional mode IV in this simple model of nuclear matter is characterized by A ( 1 and, furthermore, is unstable in a growing sense. This is associated with the dominance of the attractive forces in this state.
Brueckner has suggested that, in this case, the pairing proce~ure used in the theory of superconductivity may remove this instability. We consider n and e to deviate slightly from the quasiparticles 1 groundstate distribution:
.... 
